Ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) co-exist in soil, 18 but their relative distribution may vary depending on the environmental conditions. Effects of 19 changes in soil organic matter and nutrient content on the AOB and AOA are poorly 20 understood. Our aim was to compare effects of long-term soil organic matter depletion and 21 amendments with labile (straw) and more recalcitrant (peat) organic matter, with and without 22 easily plant-available nitrogen, on the activities, abundances and community structures of 23 AOB and AOA. Soil was sampled from a long-term field site in Sweden that was established 24 in 1956. The potential ammonia oxidation rates, the AOB and AOA amoA gene abundances 25 and the community structures of both groups based on T-RFLP of amoA genes were 26 determined. Straw amendment during 50 years had not altered any of the measured soil 27 parameters, while the addition of peat resulted in a significant increase of soil organic carbon 28 as well as a decrease in pH. Nitrogen fertilization alone resulted in a small decrease in soil 29 pH, organic carbon and total nitrogen, but an increase in primary production. Type and 30 amount of organic matter had an impact on the AOB and AOA community structures and the 31 AOA abundance. Our findings confirmed that AOA are abundant in soil, but showed that 32 under certain conditions the AOB dominate, suggesting niche differentiation between the two 33 groups at the field site. The large differences in potential rates between treatments correlated 34 to the AOA community size, indicating that they were functionally more important in the 35 nitrification process than the AOB. The AOA abundance was positively related to addition of 36 labile organic carbon, which supports the idea that AOA could have alternative growth 37 strategies using organic carbon. The AOB community size varied little in contrast to that of 38 the AOA. This indicates that the bacterial ammonia oxidizers as a group have a greater 39 ecophysiological diversity and potentially cover a broader range of habitats. 40
involved have been extensively studied since ammonia oxidation has both environmental and 46 economical concerns. It can result in leaching of nitrogen from soil to aquatic ecosystems or 47 emissions of the greenhouse gas nitrous oxide, both resulting in nitrogen loss from 48 agricultural soil. However, the process can also be beneficial for nitrogen removal from 49 polluted water and sewage. Ammonia-oxidizing bacteria (AOB), belonging to the Beta-and 50
Gammaproteobacteria, were reported already in the late 1800's (Winogradsky, 1890), while 51 it took a further 100 years to discover the other group of ammonia oxidizers; i.e. the ammonia 52 oxidizing archaea (AOA) belonging to the Crenarchaeota (Venter et Abundance alone is not sufficient to determine the relative contribution of either group 64 towards the ammonia oxidation process. Tourna et al. (2008) suggested that non-thermophilic 65
Crenarchaeota played a role in soil nitrification since the community structure of active AOA 66 4 changed in relation to temperature during nitrification, but this was not the case for the AOB. 67
In agreement, Offre et al. (2009) showed that of the two groups, only AOA were growing 68 during active nitrification in a microcosm experiment. However, it has also been shown that 69 although AOA were more abundant than AOB, bacteria rather than archaea were more active 70 ammonia oxidizers in agricultural soil (Jia and Conrad, 2009 ). In addition, functional 71 redundancy between the two groups has been suggested, since ammonia oxidation was taken 72 over by the AOA when the AOB were suppressed by antibiotics (Schauss et al., 2009 ). These 73 contrasting results imply that the relative importance of AOB and AOA may vary in arable 74 soil depending on the environmental conditions, with one or the other being more competitive 75 under a given set of conditions. Since the AOB and AOA belong to separate phylogenetic 76 domains, with different cell metabolic and biochemical processes, they could theoretically 77 respond differently to the microenvironmental conditions in soil. Recently, Erguder et al. The objective of this study was to assess responses of bacterial and archaeal ammonia 85 oxidizers to soil organic matter quality, as well as nitrogen and organic carbon content. The 86 effects of these soil factors on the occurrence and abundance of AOB versus AOA are poorly 87 investigated (Erguder et al., 2009). Our hypothesis was that differences in soil organic matter 88 quality would have an impact on the abundance, composition and activity of the ammonia 89 oxidizing communities, since organic carbon content and soil C:N ratios are known to affect 90 both plant growth as well as the general microbial community structure and activity 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 were sampled in-between plant rows in the time-span between harvest and tillage September 127
2002. During this period, the weather conditions were normal for the region with a mean 128 temperature of 10ºC and no precipitation (http://celsius.met.uu.se). The cores were mixed into 129 one composite sample per plot, resulting in a total of 18 samples. Each sample was sieved (4-130 mm mesh) and thoroughly mixed before it was stored at -20C until analysis. 131
Data on total soil nitrogen (Tot-N), soil organic carbon (Org-C), pH (H2O) and crop yield 132 were kindly provided from the monitoring program of the site by Lennart Matsson at The 133 Department of Soil and Environment, Swedish University of Agricultural Sciences, Uppsala 134 (Table 1) . Soil moisture was determined as gravimetric water content by drying 10 g soil at 135
105C for 24 h. Crop yield was determined as dry weight of total harvested green biomass 136 after drying at 105C for 24 h and this value was used as a proxy for plant primary 137 production. To compensate for year-to-year variations due to weather conditions, we used the 138 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7   142 The potential ammonia oxidation (PAO) rate was measured in triplicate as accumulated 143 nitrite according to a short incubation, chlorate inhibition technique (Belser and Mays, 1980; 144 Torstensson, 1993 ) (ISO 15685). In brief, 100 ml of 1 mM potassium phosphate buffer (pH 145 7.2) containing 0.4 mM (di-)ammonium sulphate and 15 mM sodium chlorate was added to 146 25 g soil and the soil slurries were incubated on a rotary shaker at 25C for 6 hrs. values in all samples and inhibitory effects on PCR performance were tested as described 213 previously for the 16S rRNA genes and were negligible. 214 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10   217 For T-RFLP, PCR amplification of the amoA genes for AOB and AOA were done in 218 triplicate for each individual DNA extract using the same primers as above, except that the 219 forward primer was labeled at the 5´end with hexachlorofluorescein. Each reaction was 220 and community size were done using either the Student's t-test or the Mann-Whitney test 240 depending on whether the data was normally distributed or not at P<0.05 and P<0.001. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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Soil factors and crop yields 269 270
The different long-term soil amendments had an effect on the soil chemical properties 271 (Table 1 ). In comparison to 1956 when the experiment started, the soil pH remained relatively 272 stable in most of the treatments except in the plots amended with peat with or without N-273 fertilization, which had a significantly lower pH. When studying changes in other soil factors 274 by comparison to values present at the start of the experiment, the unfertilized control and the 275 N-fertilized plots had less Org-C, the straw amended treatment had Org-C at the same level, 276 while all other treatments resulted in a 21 to 60% increase in the amount of Org-C. With 277 respect to Tot-N values during the course of the experiment, the N-fertilized treatment, the 278 plots with straw amendment alone and the unfertilized treatment all resulted in a decrease, 279 whereas the other treatments resulted in an increased Tot-N in the soil. Addition of organic 280 material resulted in a significant increase in the C:N ratio in the soil, with peat amendment 281 resulting in the highest C:N ratio. The unfertilized soil and the N-fertilized soil had the lowest 282 C:N ratios. Soil moisture largely followed the same trend as the soil org-C and C:N ratios 283 with the highest values in the peat treatments and the lowest in the unfertilized control. Crop 284 yield was used as a measure of primary production and as expected, N-fertilization resulted in 285 a significantly higher yield compared to organic amendments alone or to no fertilization 286 (Table 1) . 287 288 289   290   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 The different treatments clearly affected the potential ammonia oxidation rates in the soil 291 (Fig. 1) . The rates varied between 1.1 and 10.6 ng NO 2 --N g -1 dw min -1 with the peat 292 treatment displaying the lowest activity and straw with N-fertilization the highest activity. 293
Potential ammonia oxidation activity
The straw treatment resulted in rates that were equal to those in the N-fertilized treatment. 294
Peat amendment with N-fertilization had rates of activity that were comparable to the 295 unfertilized plots. 296 The bacterial 16S rRNA gene abundance, reflecting the size of the total bacteria 300 community, showed minimal variation between treatments and was in the range of 6.9 x 10 9 -301 1.9 x 10 10 gene copies g -1 dry weight soil (Fig. 2a) . The plots that received organic 302 amendments combined with N-fertilization had significantly larger bacterial communities 303 than the other treatments. The crenarchaeal 16S rRNA gene abundance, reflecting the size of 304 the total crenarchaeal community was lower than that of the bacteria in all treatments, having 305 a crenarchaeal:bacterial 16S rRNA ratio of 1 to 4%. Similar to the situation for the bacteria, 306 the abundance of Crenarchaeota did not vary much between treatments and was in the range 307 of 1.4 x 10 8 -6.4 x 10 8 gene copies g -1 dry weight soil (Fig. 2a) . Only the treatment with 308 straw and N-fertilization contained a significantly larger crenarchaeal community when 309 compared to the other treatments and a 5 fold difference was found between that treatment 310 and the peat treatment. A direct comparison of 16S rRNA gene copies between treatments 311 should, nevertheless, be interpreted with caution, since the gene copy number can vary 312 between 1 and 12 per bacterial genome (Fogel et al., 1999) . 313
The amoA gene abundance, reflecting the AOB community size, was in the range of 1.5 x 314 10 7 -4.6 x 10 7 gene copies g -1 dry weight soil and relatively unaffected by treatments (Fig.  315 14   2b ). The only significant difference in AOB abundance was between the N-fertilized plots and 316 the plots with peat amendment, with peat resulting in a slightly higher abundance. The 317 number of amoA gene copies corresponding to the AOA community showed more variation 318 between treatments and was in the range of 8.1 x 10 6 -1.8 x 10 8 copies g -1 dry weight (Fig.  319   2b) . The AOA abundance was significantly lower in the peat treatment compared to all other 320 treatments, except peat with N-fertilization. The two treatments with organic amendment 321 combined with N-fertilization were significantly different from each other with the highest 322 abundance of AOA in the straw and N-fertilized plots. As for 16S rRNA genes, the 323 comparison of amoA gene abundance should also be interpreted with caution, since the gene 324 copy number per genome may vary. 325
In all treatments, but the two different peat treatments, the community size of the AOA 326 was significantly (P<0.05) higher than the AOB with an AOA:AOB ratio that ranged from 3.7 327 to 4.6 (Fig. 2a) . In the peat treatment, the AOB were significantly more abundant than the 328 AOA with a AOA:AOB ratio of 0.3, while the two groups were equally abundant in the plots 329 with peat plus N-fertilization. The peat treatment also harboured a crenarchaeal community 330 that had a significantly lower fraction of AOA amoA genes to crenarchaeal 16S rRNA genes 331 as compared to the other treatments (Fig. S2, supplementary material) . The AOA amoA gene 332 abundance varied between 6 to 32% of to the crenarchaeal 16S rRNA gene abundance, 333 whereas the fraction of AOB amoA genes compared to the bacterial 16S rRNA gene 334 abundance varied only between 0.2 to 0.3% with a significant difference between the peat and 335 peat with N-fertilization treatment (Fig. S1, supplementary material) . 336 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   15 The T-RFLP profiles generated by each enzyme of the amplified amoA genes from the 340 AOB and AOA communities consisted of two to five dominant and several minor peaks. 341
When combining profiles from the three enzymes the average number of peaks was 32 and 39 342 for AOB and AOA, respectively. The NMS ordination revealed that the community structure 343 of AOB and AOA differed depending on the treatment (Fig. 3) . Differences in community 344 structure among the samples for both the AOB and AOA community were supported by low 345
final stress values (7.7 and 7.0), the Monte Carlo test (P<0.005; 200 permutations) and the 346 strong correlation between distances in the 2-dimensional ordination space and the original 347 space (r 2 =0.95 and r 2 =0.94). The peat amendment had the largest impact on the AOB 348 community structure (Fig. 3a) . Plots with either peat or straw with N-fertilization each 349 harboured different AOB communities, but no separation was seen among the N-fertilized, 350 unfertilized and straw amended plots. Also for the AOA the peat amendment had the largest 351 effect on the community structure (Fig. 3b) . In addition, a separation was observed between 352 samples with and without N-fertilization in the AOA community that were not seen for the 353
AOB. 354 355
Environmental factors controlling AOB and AOA communities 356 357
The ordinations were used to explore possible correlations between the community 358 structure, community size, PAO rates and soil properties (Fig. 3) . For the AOB communities, 359 the bi-plot showed that the separation of samples was mainly explained by the soil pH and 360 C:N ratio along axis 1 (Fig. 3a) . The pH co-varied with PAO rates in the NMS. The same 361 variables seen for the AOB explained the separation of the samples based on the AOA 362 community structure (Fig. 3b) . However, primary production (yield) and Tot-N in the soil 363 were important factors related to the separation of samples along axis 2 for the AOA. Again 364 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 pH co-varied with PAO rates, which also co-varied with the number of amoA gene copies of 365 AOA, indicating that the abundance of these genes are related to ammonia oxidation activity. 366
The differences among treatments in the AOB and AOA community structures, measured 367 with Mantel's test, were significantly correlated to each other (r=0.87; P<0.001). The 368 differences in both the AOB and AOA communities correlated to the dissimilarities in soil 369 C:N ratios (r=0.57; P<0. 001 The ammonia oxidizing archaeal and bacterial communities detected at the site were 386 impacted differently by long-term treatments with either labile or more recalcitrant organic 387 matter and by different levels of N-content. The results are based on one sampling occasion 388 and we cannot rule out temporal variations due to seasonal effects. However, the site has 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 However, the AOA:AOB ratios alone do not provide sufficient information to determine 395 which of the two groups is more significant for ammonia oxidation at this site. Therefore, we 396 assessed potential ammonia oxidation rates in the differently treated soils and correlated this 397 evidence of function to the size of the AOB and AOA amoA gene pool to determine which 398 community was likely to be mainly responsible for ammonia oxidation. A large range in 399 potential ammonia oxidation rates was observed among the treatments, with N-fertilization 400 and addition of the more readily degradable straw in relation to peat having the most positive 401 effects. In another long-term fertilization study, He et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Long-term treatment effects were also observed on the composition of the AOB and AOA 469 communities and both groups were, in contrast to their community sizes, affected in similar 470
ways. The differences in the AOA and AOB community structures among treatments were 471 correlated to differences in ammonia oxidation activities, but the underlying explanation for 472 the link between structure and activity is likely the pH differences. Soil pH was a strong 473 driver behind separation of the communities in the ordinations, but also soil carbon content 474 and the C:N ratio. Due to the expected competition with heterotrophs for substrates under 475 high C:N ratio conditions, as discussed above, we propose that competition selects for AOB 476 and AOA communities with high affinities for ammonia. The AOA community structure was 477 also linked to differences in soil nitrogen content and plant yield. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21   490 The results from this study demonstrate that long-term N-fertilization with calcium nitrate, 491 as well as organic amendments with peat or straw, both with and without N-fertilization affect 492 the potential for ammonia oxidation and the size and composition of the AOA community, 493
Conclusions
and to a lesser degree the AOB community structure and size. The differential relationships 494 between soil properties and AOB and AOA community size also suggest niche differentiation 495 between the two groups present at the field site. We propose that although the AOB and AOA 496 co-exist and both can be important for ammonia oxidation in soil, the AOB community size 497 appear to be more stable across conditions and could therefore cover a broader range of 498 habitats. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1 When the experimental site was established in 1956, the soil pH was 6.5 and the total organic C and total N were 1.5% and 0.17% of the soil dry weight, respectively.
(n=9)
3 Total green biomass Table Table 2 . The standardized Mantel statistics (r) from Mantel tests of correlations between dissimilarity matrices of community structure of ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea AOA, soil properties (pH, soil organic carbon
[Org-C], total nitrogen [Tot-N], C:N ratio and soil moisture), potential ammonia oxidation rates (PAO) and abundance of AOB and AOA. Soil properties, PAO rates and community abundance dissimilarities were calculated using Euclidian distances, while community structure dissimilarities were calculated using Bray-Curtis' distances. (***P<0.001; *P<0.05; NS, not significant at P>0.05; ND, not determined) 
